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Abstract 
The spreading of a small  epoxy resin droplet ( 1 . 5�1) on a glass surface was 
e 'amined \ ith the objective of developing a new type of hydrophobic polymer coated 
glass which has the abi l ity to reduce heat gain inside a building. The study covered 
three main aspects; the spreading kinetics of epoxy resin on a glass surface, the 
hydophopicity of the developed polymer-coated glass surface, and the reduction of 
solar radiation of this surface. 
As wettabi l i ty and spreading phenomena are a fundamental prerequisite for 
coating, the spreading kinetics of di fferent curing agent concentrations (15 :200, 
1 8  :200, 2 1  :200) of epoxy resin on the glass surface (soda l ime), were studied. All  
d ifferent curing agent concentrations of epoxy exhibit good spreading behavior. As 
the curing agent concentration of epoxy resin increases the spreading kinetics on the 
surfaces decreases. 
The hydrophobicity of the polymer-coated glass surface was tested and it was 
found that epoxy resin surface has the abi l ity to repel water. 
Dip-coat ing techniques provided a polymeric coated glass surface that had a 
transparent appearance giving the natural look of glass. This al lowed the transmission 
of natural visible rays providing natural dayl ight. The developed polymer coated glass 
surface was found to reduce the heat absorbed due to solar radiation. A Kipp & Zonen 
Pyranometer eM I l in conj unction with a solar integrator were used for measuring the 
solar radiation absorbed by the glass surface .  The results showed that the epoxy 
coated glass surface provided heat gain reduction ranges of between 23% and 60% 
depending on the solar i rradiance. 
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Introduction and literature review 
I n trod uction & l i tera t u re re iew 2 
1 . 1 Introduction : 
Wetting and dewetting processes play a very important role in a wide variety of 
industrial systems. They are a fundamental prerequisite for several applications, for 
example in paint fi lms ,  composites, adhesives, printing, agricultural p lant treatment, 
pharmaceutical tablets, cosmetics and coating. 
Wetting comes from the word wet or wettable. When i t  is  said that a substrate 
is wettable, the term "wettable" and its variations mean wettable  by a l iquid, i .e . ,  the 
l iquid spreads over the surface of a substrate. 
Wettabi l ity or wetting is defined as the process in which a l iquid spreads on a sol id 
substrate. It can be estimated by determining the contact angle or the spreading 
coefficient. Figure 1 . 1  shows the wetting system, which consists of a l iquid droplet, 
spreading on a solid substrate surrounded by a gas phase. The three phases (vapor, 
l iquid and solid)  reach equi l ibrium affected by their interfac ial tensions. The 
relationship between the interfacial tensions Y I , Y sv and Ysl can be expressed by 
Young's eq uation ( Young, 1 805 ) .  This equation is Listed below ( Eqn. 1 . 1 )  
Y Iv cos e = Y sv - Y sl ( 1 . 1  ) 
Where Y I ,Y sv and Ysl refer to the interfac ial energies of the l iquid/vapor, sol id/vapor 
and sol id/l iquid interfaces. 
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Vapor 
� Solid 
Figure 1 . 1  Schematic  of wetting system 
The wetting phenomenon could be deftned relative to the macro and micro level as 
fol lows : 
Macroscopic definition of wetting: 
Full and complete coverage of the sol id surface by the l iquid 
T hermodyna m ic definition of wetting: 
Reduction in  interfacial free energy when a l iquid is placed in contact with a 
sol id surface result ing in  a contact angle e < 900. Complete spreading occurs 
when e = 00. 
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1.2 Wettabi l ity and spread ing phenomena 
1.2.1 Young's equation: 
Young's equation was first discovered by the British scientist Thomas Young in 1 80S. 
Most \ ettabi l i ty te ts in olve the measurement of contact angles of specific l iquids on 
a urface . Young's equation stated in section 1 . 1  relates cos� and three interfacial 
tensions operating at the three phase l ine (solid, l iquid and gas) (Young, 1 80S). 
Based on Young's equation, 8} can be defined by the mechanical equi l ibrium of a 
l iquid drop under the action of interfacial tensions as shown in  Figure 1 . 2 .  Young's 
equation implies a single and a unique contact angle for a spec ific vapor-l iquid-sol id 
system.  
According to  Young's equation ( Eqn. 1 . 1 ), the sol id surface should have certain 
properties: ( Kwok, 1 998' Lam, 200 1 ). 
The surface should be 
1 .  smooth 
2. Homogenous 
3. Rigid 
4.  on deformable, 
S. Inert with respect to the l iquid used. 
"t sv 




Figu re 1.2 Schemat ic of the mechanical  defin i t ion of Young's equat ion. Horizota l  bala nce of 
forces. You ng's  eq uation Y h cos 8= Y sv - 1s1 
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1.2.2 Contact angle: 
Contact angle, 8, is a quanti tative measure of the wetting of a sol id by a l iquid. It is  
defined geometrically as the angle formed by a l iquid at the three-phase boundary 
\vhere a l iquid, gas and sol id intersect .  When a l iquid droplet interacts with a sol id 
surface, the droplet attains an equi l ibrium shape. The droplet can be characterized by 
the contact angle. Figure 1 .3 shows a schematic presentation of a l iquid droplet on a 
sol id substrate. 
Va por 
Figu re 1 .3 Schemat ic  of  contact ang le 
I f  the angle 8 is less than 90° the l iquid is said to wet the sol id .  If  it is greater than 90°, 
it is said to be non-wetting. A zero contact angle represents complete wetting. Figure 
1 .4 shows the schematic of a drop on a sol id surface with different values of contact 
angles. 
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Contact angle 
cose 1 o -1 
Figure 1 .4 Schematic of d rop on solid surface showing dynamics of spreading from complete 
wett ing, part ia l  wett ing to incomplete spreading 
The contact angle of the droplet has a direct relationship with the interfacial tensions 
of the three phases. This relation is presented by Young's equation Eqn. l . l ,  stated in 
Section l . 1 (Young, 1 805) .  
Contact angle has an important role in many other fields, such as  coatings (Adamson 
1 997),  composites and polymers (Adamson, 1 997),  adhesives (Ashleya et aI. ,  2003), 
biomedical appl ications ( Kasemo, 2002; Ashleya et aI . ,  2003) ,  biological Processes 
(Neinhuis and B arthl ott, 1 997), o i l  recovery (Adamson, 1 997; Drummond and 
Israelachvi l i ,  2002), and many different engineering and environmental appl ications 
(Sasa 2003 ) .  Another important and specific use of contact angle is to calculate the 
interfacial tensions of sol id phase interfaces of the wetting system ( K  wok, 1 998) .  
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1.2.2.1 Static & dyna mic contact angle:  
A static contact angle is produced when the three-phase boundary is not in motion. 
The value of the stat ic contact angle depends on the recent hi story of the interaction. 
When the drop has expanded on the substrate, the angle is called the "advanced" 
contact angle. When the drop has contracted, the angle is cal led the "receded" contact 
angle. These angles fal l  within a range, with advanced angles approaching a 
maximum value and receded angles approaching a minimum value. 
A dynamic contact angle is produced when the three phase ( l iquid/solid/vapor) 
boundaries is in motion and these angles are referred to as "advancing" and "receding" 
angles. 
The difference between 'advanced' and 'advancing', 'receded' and 'receding' is that, 
in the case of static angles, motion is incipient, and in the case of dynamic angles, 
motion is actual . Dynamic contact angles may be tested at various rates of speed. 
Dynamic contact angles measured at low velocities should be equal to the measured 
static angles. 
1.2.2.2 Uti l ization of contact angle d ata: 
The most important use of contact angle is in describ ing the wetting phenomenon of 
solid/l iquid interactions. Contact angle is used as the most direct measure of wetting. 
Other experimental parameters may be derived directly  from contact angle and 
surface tension results. Some examples are : 
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Work of adhesion: it is the work needed to separate the l iquid and solid phases, or it is 
the n gative free energy associated with the adhesion of the sol id and l iquid phases. It 
is  used to express the strength of the interaction between the two phases. It is given by 
the Young-Dupre equation as : 
Wa = Y ( 1  + cos 9) ( 1 .2 )  
Work of cohesion� it is  defined as the work required to  separate a l iquid into two parts; 
it is a measure of the strength of molecular interactions within the l iquid (Giri falco 
and Good, 1 957 )  and it is  given by; 
( 1 . 3 )  
Work o f  spreading: the negative free energy associated with a l iquid spreading over a 
solid surface (Girifa1co and Good, 1 957 ) .  It is given as : 
Ws = Y (cos 9 - 1 )  ( 1 .4 )  
Wetting tension:  a measurement of forcellength (Girifalco and Good, 1 95 7) .  I t  i s  
defined as : 
't = Fw / P = Y LV cos 9 ( 1 . 5 )  
This value, wetting force normal ized for length, also represents the product o f  the 
cosine of the contact angle and the surface tension. It indicates the strength of the 
wetting interaction without separate measurement of surface tension. 
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1.2.2.3 H ow is contact angle measured? 
There are two different approaches for measuring the contact angles of non-porous 
solids, goniometry and tensiometry. Goniometry involves the observation of a 
sessi le drop of test l iquid on a solid substrate. Tensiometry involves measuring the 
forces of interaction as a solid comes into contact with a test l iquid. 
1.2.3 Contact angle hysteresis 
9 
Basing on Young's equation stated in section 1 . 1 ,  one would except to find only one 
value of wetting contact angle for a real sol id/ l iquid drop / gas system. However, in a 
real system, even in  static conditions, at least two different contact angles can be 
measured on the same l iquid and on the same solid surface, which are termed as 
advancing and receding contact angles. 
The difference between the maXlmum (advanced/advancing) and mlfumum 
(receded/receding) contact angle values is cal led contact angle hysteresis .  This 
phenomenon was discovered 80 years ago (Shulman, 1 9 1 9 ) .  
Contact angle hysteresis can be calculated using equation 1 .6 l isted below: 
( 1 .6)  
Where 8a is  the advancing contact angle and 8r  is the receding contact angle. 
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Many studies and research have gone into analysing o f  the signi ficance o f  hysteresis. 
It has been used to characterize surface heterogeneity (MamlUr, 1 994; Decker and 
Garoff 1 996) surface roughness (Oli  er and Mason, 1 980) and mobi l ity or 
defonnation of a solid surface (Neumann, 1 974; Li ,  1 99 1 ) . 
1.2.4 Spreading coefficient 
Another quantitative measure of wetting is the spreading coefficient, which is defined 
as the energy difference between the sol id substrate and the contacting gas and l iquid 
phases. The relationship of the spreading coefficient can be written in tenns of surface 
free energies and is defined for a l iquid-so l id-vapor system (Myers, 1 999) as : 
( 1 . 7 )  
Where S Is refers to  the spreading coefficient for the system, and y S\, ylv, ysl refer to 
the interfacial energies for the system. For complete spreading where e = 0, the 
spreading coefficient S = 0; and for partial spreading where 0 < e <90, the spreading 
coefficient S < o. 
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1.2.5 Dynamic of wetting : 
When a liquid is placed in contact with a sol id surface; two possible wetting regimes 
can occur: 
1.2.5.1 Complete wetting: 
In complete wetting systems (Figure 1 . 7 .a); the liquid spreads completely over the 
sol id surface to fonn a flat fi lm resulting in a zero contact angle (8 ::::: 0) and spreading 
coefficient S =0. Alteraifi and Sasa (2003) studied the spreading kinetics of liquid 
droplets on solid substrates. They applied si l icon oi l  as a l iquid polymer on a glass 
surface. The s i l icon oi l  exhibited complete spreading independent of the l iquid's 
viscosity. Figure 1 . 5 shows the spreading kinetics of si l icon oi l  on a glass surface 
( soda l ime) (Alterafi and Sasa, 2003). 
1.2.5.2 Inco mplete wetting 
In Figure 1 . 7 .b, the l iquid spreads over the sol id surface, the contact angle 0 <8 <90, 
and the spreading coefficient S < O.  Many studies of partial wetting have been carried 
out by Brochard-Wyart and de Gennes ( 1 992), Van Remoortere and Joos ( 1 993) and 
de Conick et al . (200 1 ). The spreading of glycero 1 l iquid on a glass surface represents 
an incomplete wetting system. Figure 1 . 5 shows the spreading kinetics of glycerol on 
glass presented as contact area verses spreading time for I . S IlL drop volume. 
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Figure 1.5 Spreadi ng ki netics o f  sil icon oi l  100 and glycerol o n  glass surface (A lterafi and 
Sasa, 2003) 
on wetting occurs i f  the l iquid rests on the sol id surface with a high contact angle 
that is greater than 90°, (8 > 90°) .  Figure 1 . 7 .c  presents the schematics of non-
wetting. 
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The symptoms of incomplete wetting as related to coating are : 
1 .  on-uniform shapes, resulting in voids 
2. Less than optimum adhesion 
3. Reduction in mechanical properties and reduction in durabi l i ty 
1 3  
Figure 1 .6 was created by Intel l igent System Laboratory Group i n  Michigan 
University ( 1 999); it shows two levels of wetting problems :  macro and micro 
problems. The image on the left is magni fied 20X; the right hand image is magnified 
l oOX. The images show a single polyurethane sized fiber tow. This sizing is not 
compatible with the vinyl ester resin being used. At low magn i fication, voids resu lting 
from air trapped between bundles can be seen. These voids are macroscopic; they are 
much larger than the fiber's diameter. A lso visible in these images i s  a high degree of 
l ight reflection due to scattering. This occurs because there is no molecular level 
wett ing between resin and fiber. At the higher magnification, this effect is seen as 
bright areas (Intel l igent System Laboratory Group, USA, 1 999). 
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Figure 1.6 M acro & molecu lar  level o f  wett ing problem ( In te l l igent System L a boratory 
G roup, USA, 1 999) 
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Contact Angle 8 = 0 
a)  
S (spreading coefficient) = 0 i 8 
8 ( contact angle) = 0 � 1 
Dynamics of wetting Com plete wetting 
= y s\ - (Ylv+ Ysl) a 
� b )  S (spreading coefficient) < 0 8 ( contact angle) < 90 I-
Partial wetting 
b 
c )  
S (spreading coefficient) > 0 � 8 ( contact angle) > 90 Non wetting -I 
c 
Figu re 1 .7 Schemat ic of a) complete wetting = 0, b) Part ia l  wett ing 0 < 8 < 90°, c) non wett ing e � 
90° 
� 
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l .3 Cha racterization o f  the solid surface 
The contact angle measurements gIve data related to the thennodynamics of a 
liquid/solid interaction. However surface tension measurements give data reflecting 
the thermodynam ics of the l iquid tested. 
To characterize the wett ing behavior of a particular l iquid/solid interaction, the 
contact angle must be reported. But to characterize the thermodynamics of the solid 
surface itself more analysis is required. Various methods are used but the same basic 
principle applies for each. The solid is tested against a series of l iquids and contact 
angles are measured. Calculations based on these measurements produce a parameter 
(critical surface tension or surface free energy), which quantifies the characteristics of 
the sol id and mediates the properties of the sol id substrate. 
1.3. 1 S urface free energy and critica l  surface tension 
Surface free energy is  defined as the work required to increase the area of a 
substance by one unit area. The surface free energy of a solid is sometimes also 
referred to as the "surface tension" of the sol id substrate. For example; water has a 
very high value of surface tension because i t  has a high degree of hydrogen bonding. 
Organic molecules with polar groups, such as iodide and hydroxyl , have a slight ly 
lower surface energy than water. Pure hydrocarbons are even lower. 
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The critical surface tension or the surface free energy, is a propeliy of the solid in 
the same way as the surface tension is of a liquid. Many different approaches are used 
to determine the sol id surface energy. These approaches are l isted below : 
1 .  An approach that depends on contact angle measurements (Zisman, 1964; Fowkes, 
1964; Oss et a I . ,  1988) .  
2 .  Direct force measurements ( Derjaguin et  a1. , 1980 Pashley et  a1. , 1988; Fogden and 
White, 1990). 
3. Solidification front interaction with partic les (Chen et aI . ,  1977) .  
4 .  F i lm flotation ( Fuerstenau et  a I . ,  1990). 
5. Sedimentation of particles (Van-Butler et aI . ,  1987) .  
6. Theory of molecular interactions (Sul livan, 198 1;  Mtyushov and Schmid, 1996). 
7 .  Gradient theory (Guermeur et aI . ,  1985 ) .  
8 .  The Lifshitz theory of Van deraa Is forces ( Israelachvi l i ,  1 972 :  van Giessen et aI . ,  
1997) .  
Among these approaches, the most preferable one is contact angle measurement . 
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1.3.2 Zisman plots and critical surface energy 
Measuring surface free energy is very difficult and many approaches have been 
developed to detennine it. One approach to enable the detennination of surface free 
energy was developed by Zisman at Naval Research Laboratory (Zisman, 1 964) .  The 
p lot was made by plotting the cosine of the contact angle versus the surface free 
energy of various wetting hquids on a given sol id .  The resulting plot is a straight l ine .  
Thus, there exists some unique value for each polymeric sol id where the cosine of the 
contact angle is unity. This value is termed the critical surface free energy. A l iquid 
with surface free energy below the critical value wi l l  wet and spread over the solid 
surface, whereas a l iquid with surface energy above the critical value might wet but 
won't spread. Figure 1 . 8 presents Zisman plots of the contact angles of various 
homologous series on solid Teflon. 
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Figure 1 .8 Z isman plots of the  contact a ngles of various homologous serie on solid T eflon a t  
2 0°C .• , n- alkanes' 0, other  hyd rocarbons; _ , esters and ethers; 0 ,  halocarbons and 
ha lohy d rocarbon; ., d i fferent  l iq uid 
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Using the concept of cri tical surface energy, it is  possible  to characterize a wide 
variety of polymers and correlate the critical surface energy with polymer structure. 
Fluorinated materials have low values of critical surface energy. Hydrogenated 
materials, such as polyethylene and polypropylene, have sl ightly higher values. For 
other substituents (CI ,  0, ), the critical surface free energy is a l ittle higher (Shaw, 
1 992) .  From the critical surface energy data just given fluorinated and hydrogenated 
materials wi l l  be among the least wettable.  
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1.3.3 E ffect of temperature on surface tension 
There are many factors that affect the spreading of l iquid on a sol id surface and affect 
the surface tension. One of these factors is temperature; the surface energy is 
inver ely proportional with temperature. This means that surface energy decreases 
\>vith increasing temperature (de Ruij ter et aI . ,  1 998) .  Figure 1 .9 shows the surface 
energy of an organic l iquid as a function of temperature (de Ruij ter et aL 1 998) .  The 

















Figure 1 .9 The effect of tempera t u re on the  surface tension ( In te l l igen t  Sy tern 
Laboratory G ro u p, USA, 1 999) 
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Figure 1 . 1 0  repre ents the effect of temperature on some polymeric l iquids. The 
urface t nsion decrease as time increases. However as polymers don't boi l ,  the 
urface tension ne er reaches to zero. The surface energy decreases with temperature, 
but not as it doe for small molecule l iquids. Polymer structure also affects surface 
energy. Lower surface energy polymers have weakly interact ing atoms in the 
backbone, whereas high values arise from strong interactions between atoms in polar 
materials . 
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c: o 
.� C tI 
... 
lO��������������� 
50 100 150 200 
Figu re 1 .10 Su rface tension vs. tem pera t u re for polymer melts  a n d  l iq u ids: 0, 
polychloroprene ; ., polyisobutylene; "', poly(n-bu tyl m ethac ryla te);o, poly(vinyl  
acetate) ; ., pol d i metbysiloxane ( I n tell igent System Laboratory G roup,  USA, 1 999) 
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1.3.4 Theory of Adhesives : 
Petrie (2000) introduced important theories of adhesion to represent the bonding 
mechanism between molecules in materials. The adsorption theory of adhesion states 
that "Adhesion results from molecular contact between two materials and the resulting 
surface forces that develop" (Petrie, 2000). The process of establ ishing intimate 
contact between an adhesive ( l iquid) and the adhered (solid substrate) is known as 
H:effing. Adhesion results from the forces of molecular attraction such as van der 
Walls  forces" (Petrie, 2000). 
In his experiment; Petrie investigated the spreading of epoxy ('{= 47dynes/cm) over 
different surfaces with different values of surface tension. He provides experimental 
results showing that Polymers with low energy surfaces, such as polyethylene and 
fluorocarbons are not good adhesives and they are difficult  to bond with adhesives. 
Figure 1 . 1 1 shows good and poor wetting of epoxy spreading over different surfaces. 
Good wetting occurs when the l iquid (adhesives, coatings, etc . . . . ) spreads out over 
the substrate in a uni form fi lm and make a low degree contact angle between the 
substrate and the adhesives ( Figure 1 . 1 1 .  epoxy adhesive on metal substrate). 
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Poor wetting occurs when the adhesive fOnTIS droplets on the surface making a high 
degree contact angle ( Figure 1 . 1 1 epoxy adhesive on fluoroethylene propylene 
substrate). 
, 
Figure 1 .1 1  Spreading of epoxy on d i fferent s urfaces (Petrie, 2000) 
Based on Petrie's results, we can come up with the following: 
For any l iquid (adhesive, coating, . . . .  ) to wet a surface, the l iquid should have a lower 
surface tension, r, than the sol id's surface energy (or critical surface tension), Ic . 
For good wetting and resulting strong adhesion forces: Yadhesive « Yc substrate 
For poor wetting and low adhesion forces: Yadhesive» Ie substrate 
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1.3.5 H 'd roph i l ic and hydrophobic surface as they relate to contact angle 
• Hydrophi lic u rfacc 
A hydrophil ic surface is a water absorbent surface. The l iquid transfers from the 
sjTinge onto the surfaces, almo t completely emptying the syringe of the l iquid. 
Liquid preads rapidly across the surface in  a thin layer. The droplet is characterized 
b having a low contact angle· 8 < 90°. The drops can be i rregular and can spread into 
neighboring drops, as shown below in Figure 1 . 1 2 . 
Low contact a ngle 
.... -.-
Figu re 1 . 1 2  Liq u id d rops spreading on hyd rophil ic s u rface (Corning Compa ny, New Y ork, USA) 
• Hydrophobic surfaces 
With hydrophobic surfaces, less l iquid transfers onto the surface.  Liquid volume 
deposited onto the sl ide is variable. Liquid attaches to the substrate in a smal ler area. 
The droplet is characterized by a high contact angle 8 > 90, very round spot 
morphology, i nconsistent l iquid volume deposited and spots may move from their 
original placement, as shown below in Figure 1 . 1 3 .  
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H igh contact angle 
Fig u re 1 . 1 3  L iq u id d roplets on hydrophobic s u rface (Corn ing Com pany, New York, USA) 
• Optimal  Su rface 
Up to a point, increasing contact angle changes transferred l iquid volume very l ittle 
and spots become increasingly wliform, smal l and round. Under optimal conditions, 
consistent l iquid volumes transfer to the sl ide surface and form uniformly round spots . 
The droplet has excellent surface area for probe attachment; excellent morphology 
and the drop remains in  place, as shown in Figure 1 . 1 4 .  
Con trolled contact angle 
Figu re 1 . 1 4  L iq u id d roplets on opti mal su rface (Corn ing Company, New York, USA) 
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1.4 Coatings on glass 
The deposition of a coating on a sol id generates new interfaces between dissimi lar 
matetials and invol es a serious consideration of wettabi l i ty and spreading. It was 
found that wettabi l ity promotes adhesion through physical, chemical and mechanical 
bonds acting across coating-substrate adhesion. 
A prevIOus study related wettabi l i ty, spreading and interfacial phenomena with 
coat ing at high temperatures (Asthana and Sobazak, 2000) .  
Large area coatings on glass have been used in a wide variety of products, such as 
p late glass for architectural and automotive glazing, hot and cold end coatings for 
container glass and for other types of glass, l ike lamps. The most common material 
that can be used in wet coatings is commercial ly avai lable organic polymer materials. 
Wet coating can generate highly functional coating materials with excel lent properties 
for glass surfaces. 
The materials used in  wet coating can be either transparent or non transparent 
materials. Moreover, in wet coating there is the chance to make materials with unique, 
interesting and excel lent properties and while util izing cost-effective coating 
techniques. Some interesting material properties are easy-to-clean propeliies, 
ant ifogging properties, strength increasing properties on thin glass, micro­
pattemabi l ity of coatings, photochrornic or elecrochromic properties. Other coatings 
include anti reflective CAR) coatings, IR reflecting coatings coloured coatings or 
conductive coatings. 
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1 .4. 1 Coating techno iogie 
general prerequisites for obtaining v et chemical coatings with high optical 
qualitie on glas , it can be stated that the coat ing process step has to be carried out 
under clean room conditions, the coating l iquid has to be fi ltered and the glass has to 
be c leaned properl . The mo t wel l-known wet coating techniques are l isted below: 
• Dip coating techn iq u es 
Dip coating can be described as a process where the substrate to be coated is 
immersed in a l iquid and then withdrawn at a wel l -defined withdrawal speed under 
control led temperature and atmospheric conditions (Scriven, 1 988) .  The coating 
thickness is mainly defined by the withdrawal speed, by the solid content and the 
viscosity of the l iquid. If the withdrawal speed is chosen such that the sheer rates keep 
the system in the Newtonian regime, the coat ing thickness can be calculated by the 
Landau-Levich equation ( 1 942) .  (Eqn. 1 . 8 ) .  
Where : 
h = coating thickness, 
11 = viscosity 
( )2/3 
h = 0.94.  _l1_.V __ 
Y Ly l /6 (p ,g)
I /2 
"fLY = l iquid-vapour surface tension 
p = density, 
g = gravity 
( 1 . 8 )  
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s shown by James and trawbridge ( 1 986) for an acid catalyzed si l icate sol ,  
thickne e obtained experim ntally match calculated thickness very e l l .  One 
advantage part of dip coat ing processes is that by choosing an appropriate viscosity 
the coating thickne s can be varied with high precision from 20 nm up to 50 /lm while 
maintaining high optical quality. The schematics of a dip coati ng process are shown in 
Figure 1 . 1  � .  
I 
a) b) 
Figu re 1 . 1 5  Stages of the dip coat ing p rocess: a )  d ipping of  the  s u bstrate into the  coat ing 
sol u t ion,  b) wet layer format ion by wi thd rawing the  s u bs t ra te and  gelat ion of the  layer 
Another type of dip coating is real ized when the atmosphere controls the evaporation 
of the solvent and the subsequent destabi l ization of the sols by solvent evaporation, 
leading to a gelation process and the formation of a transparent fi lm due to the small 
particle size in the sols ( nm range) ( Brinker et a1 . , 1 990· Brinker, Hurd and Ward, 
1 988) .  This is schematically shown in Figure 1 . 1 6 . 
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Figu re 1 . 16 Gelat ion process d u ring d i p  coat ing process, obtained by eva poration of the 
solvent  and s u bseq uent  d estab i l ization of the sol ( Brinker e t  a l  1 990) 
Dip coating processes are used for plate glass for solar energy control systems and 
anti-reflective coati ngs on windows (Schroder 1 969). The dip coating technique is 
also uti l ized for optical coat ings, e .g .  on bulbs for optical fi l ters or dielectric mirrors 
by various SMEs and other companies, fabricating multi layer systems with up to 30 
or 40 coat ings with very high precision. More recently, an angle-dependent dip 
coating process has been developed (Arfsten et al . ,  1 997, Disl ich, 1 986) .  Figure 1 . 1 7  
shows the angle-dependent dip coating process. 
Figure 1 . 17 chemat ic of angle dependent d i p  coat ing (Sch m id t  and  Menn ig, 2000) 
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• Spray coating technique 
pra coating techniques are widely used in industry for organic coating. For coating 
irregularly shaped glass forms l ike pressed glass parts, lamps or container glass (cold 
end coating) it is  also feasible (Arfsten et aI . ,  1 997) .  Spray coating, produces fine 
droplets leading to very homogeneous coatings on hard substrates, but the coating 
material does not hit the surface in the fom1 of l iquid droplets but more or less in the 
form of dried small partic les in the nanometer range. Due to the high reactivity of 
these partic les when reaching the hot surface, a continuous glass fi lm can be fonned. 
• Flow coating processes 
Flow coating can be described as the process where the l iquid coating is poured over 
the substrate to be coated, as shown schematical ly  in Figure 1 . 1 8 . The most common 
appl ication of flow coating techniques is the outfitting of automotive glazing from 
polycarbonate with hard coatings, but they can also be used for float glass to apply 
functional coatings ( Bel levi l le  and Floch, 1 992) .  The coating thickness depends on 
the coating l iquid viscosity, the angle of incl ination of the substrate and the so lvent 
evaporation rate. The advantage of the flow-coating process is that non-planar large 
substrates can be coated easily. 
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Figure 1 . 1 8  Scheme o f  t h e  flow coat ing process (Schmidt and M e nnig, 2000) 
• Spill coating process 
In  the spm coating process, the substrate SpIllS around an aXI S  which should be 
perpendicular to the coating area. The spm-on process has been developed for 
production of so-cal led spin-on glasses in  microelectronics and substrates with a 
rotational symmetry, e.g. optical lenses or eye glass lenses (Scriven, 1 988) .  The 
schematics are shown in Figure 1 . 1 9 . 
. .. 
. J J .... ":l ' .� .: S 
Figure 1 . 1 9  stages of the  spin p rocess: deposition of the  sol, spin  up,  spin off and gelation 
by olvent evaporation (Schmidt and Mennig, 2000) 
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Fully automated spin coating proce es have been introduced in the ophthalmic glass 
industry under clean room conditions and ful ly automated handling. The coating 
thickne es ary between se eral hWldreds of nanometers and up to 1 0  micrometers . 
The thickness of a spin  coated layer depends on the angular velocity, velocity and 
01 ent e aporation rate. This is expressed by a semi-empirical equation ( Meyerhofer, 
1 978) .  
1 /3 [3 T) . m J 2 PAo . 0)2 ( 1 .9)  
PA = mass of volat i le solvent per uni t  volume , PAo = initial value of PA h = final 
thickness , 11  = viscosity, CD = angular speed , m = evaporation rate of the solvent. 
Since m has to be determined empirical ly  any way, the more simple formula given in 
Eqn. 1 . 1 0  may be used: 
h = A . 0)-8 ( 1 . 1 0) 
Where A and B are constants to be determined empirically. Lai , Chen and Weil l  (Lai, 
1 979; Chen, 1 983 '  Wei l l  1 986) independently determined the thickness of films 
obtained by spin coating using different angular speeds, and their results fi t  very wel l  
with equation 1 . 1 0. B was determined to be in the interval between 0.4 and 0 .7,  which 
is in rather good agreement with Eqn. 1 . 9, where the exponent for w is 0 .67 .  
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• Capillary coating 
pray and Spll1 coating processes are characterized by the fact that the coating 
material cannot al l  be brought onto the substrate. In spray coating processes, more 
than 1 00 % overspray is used, and similar an10unts are wasted with spin coating. 
Dip and flow coating processes are dependent on the shelf l ife of the coating material 
and in optical dip coating only 1 0  to 20 percent of the coating l iquid can actually be 
used for the fabrication of coatings. To overcome these problems, the so-cal led 
capi l lary or lan1inar flow coating process was developed by Floch (Chen 1 983 ; 
Weil l 1 986) and CO VAC Co. ,  which combines the high optical qual ity of the dip 
coat ing process with the advantage that all the coating l iquid can be exploited. In 
Figure 1 .20 the capi l lary coating process is shown schematical ly. 
t 
ba rne r-p late 
• 
t c h uc k  
" ' - -� , , ,' ,  ,- , �. , -I J 
substrate \, 
knife 
solu tion 1 s lot-tube 
Figure 1 . 2 0  Schematics of the capi l la ry coat ing proce s ( Floch, 1 990) 
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Coating thicknesses of as l itt le as 1 5  )lm in high optical qualities are obtained, as well 
as multi layer coatings for dielectric mirrors. 
• Roll coating 
Roll coating processes on plate glass are not state-of-the-art techniques. However, 
pi lot p lant investigations have shown that optical qualities are obtainable ( Bel levi l le, 
and Floch, 1 992) .  It is important to note that in order to avoid structures on the 
surface, cutted roles have to be used, and coating thickness and vi scosity of the l iquid 
have to be adapted very thoroughly. Using cutted roles, the amount of l iquid 
transported onto the glass surface is defined by the voids cut out of the role .  After the 
deposition, the parts have to coagulate and to form a homogeneous film.  For this 
reason, the wetting behaviour of the glass against the l iquid has to be perfect and the 
drying speed has to be adapted to the fi lm forming veloci ty. Therefore, temperature 
and atmosphere have to be control led perfectly. 
• Printing technique 
The most common printing technique for glass decors IS  the si lk screen printing 
process ( Floch, and Priotton 1 990). 
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Figu re 1 . 2 1  Silk screen pr in t ing  p rocess (Schmidt  and M e nnig, 2000) 
This state-of-the-art technology is widely used (automotive industry, decorative 
glasses e.g. in dashboards and windows of kitchen stoves) .  Coating materials based on 
organic polymers, to be cured at low temperatures or by UV curing, as well as enamel 
coatings with ceramic paints and appropriate low melting glass frits are used. Enamel-
l ike coatings are densified near the T g of the glass substrate or, in combination with a 
thermal strengthening process or with a bending process, at appropriate higher 
temperatures. Typical fi lm thickness is in the range from several 1 0  to several 1 00 
/lm .  Therefore the coefficients of thermal expansion of enamel have to be matched to 
that of the substrate glass . Printing coating technology is presented in Figure 1 . 2 1 .  
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• Chemical coating 
Chemical coatings can be described as a process where a chemical reaction occurs, 
e.g. the reduction of a metal .  The most common process is the fabrication of mirrors 
where the glass surface acts as a nucleating agent for the reduction of Ag + to AgO in 
presence of the reducing agent. The vast majority of al l  mirrors are sti l l  fabricated 
using this process. 
• Dryillg alld curing techniques 
Drying and cunng techniques are important for obtaining the appropriate coating 
properties. Depending on the type of coating material, high temperature curing and 
low temperature curing can be distinguished. I f  high chemical durabi l ity is required, a 
coating temperature just below T g of the glass is chosen in order to maintain the 
shape. Glass frits or sol-gel systems are then converted to ceramic- or glass-like 
coatings. I f  special functions have to be obtained, the control of the atmosphere may 
be of importance. 
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1.4.2 Types of coating material related to hydrophobici ty and hydrophi l i ty 
• Hydrophobic coatings 
A hydrophobic coating 1 S  a coating that has the abi l i ty to repel water. Most 
hydrophobic coatings are based on organic polymers and can be employed by dip or 
very special spray coating techniques (Terrier et a1 . ,  1 995) .  
These types of  hydrophobic coating have many advantages: 
o They are easy to c lean because they repel water. 
o They show good mechanical properties and stab i l ity. 
o These coatings show a pennanent hydrophobicity and dust repel lence on car 
windshields. 
From Central Glass Company a process has been introduced by Terrier and Roger 
( 1 995)  where sol-gel derived Zr02 is deposited on plate glass by dip coating and 
treated at low temperatures to fonn micro- or nanoporous layers. These layers are then 
impregnated by perfluorinated si lanes. Embedded in the zirconia network, the 
perfluorinated side chains show a high thennostabi l ity and "survive" the bending 
process. Another type of hydrophobic coating has been developed by PPG (Agrawal, 
et aI . ,  1 988). 
l n t rod uction & l i tera ture review 38 
• Hydropltillic coatillgs 
Hydrophi l ic  coatings can be defined as coatings with a good wetting behavior in the 
presence of water. This type of coating is needed in many automotive appl ications. 
And are used both outside and inside the vehicles. 
Hydrophi l ic  coating materials based on organic polymers exhibit several 
disadvantages. 
o Poor mechanical properties ( scratch and abrasion resistance). 
o Poor stab i l i ty against wet c l imate conditions & UV radiation. 
o Tendency to swel l  by incorporation of water. 
In order to overcome these disadvantages, function ali zed inorganic-organic 
nanocomposites known for their good adhesion and excel lent scratch resistance with 
hydrophi l ic  compounds, have recently been developed (Yahiaoui et aI . ,  1 999). 
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1 .4.3 Testing and examining hydrophobic coated su rfaces 
Aficro-Droplet Hydrophobicity measures to what degree a surface repels water. The 
contact angle is measured by the inside angle that is fOlmed between the surface and a 
line is drawn at a tangent to the side of  the water droplet .  
Conlocl Angle · to\ 
Solid SUI/ace Energy · High 
Welabllity and Adhesion . Good 
Contact Angle · 90' 
Solid Surface E nergy - Moderale 
Welobifify and Adhe$lon - Fair 
Figure 1 .2 2  Degree of hyd rophobicity 
Contact Angle · High' 
Solid Surface Energy - low 
Wetobilify and Adhesion - Poor 
Channel Master Company in USA and Germany has developed a hydrophobic 
reflector coating to overcome the problems that are related to harsh environmental 
conditions, such as high temperature, high humidity, wind and other factors such as 
snow ice and rain which accumulate on the reflector's surface causing problems in 
transmission and reception of signals. 
The Channel Master hydrophobic reflector coating consists of a solid layer of 
fluorocarbon polymer, and polyurethane is appl ied to an antenna surface as shown in 
Figure 1 .23 .  This chemical process yields a tough, durable fi lm with superior 
ultraviolet resistance and the abi l ity to repel water and ice over a long tem1 . In 
addition, the hydrophobic reflector coating process provides resistance to corrosion, 
abrasion, chemical attacks and impacts. 
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Water droplet 
Polymer solid hydrophobic coating 
Antenna surface 
Figu re 1 .23 Schematic of hyd rophobic reflector coat ing on antenna surface 
Moreover, Channel Master Company tried not only to create a hydrophobic coating 
but also a super hydrophobic coating which means that when a water droplet comes 
into contact with the reflector surface, it repels it. The droplet forms a high contact 
angle on the hydrophobic treated surface that creates a shape more closely 
ressemsl ing a sphere. This spherical shape al lows minimal contact with the surface so 
the water droplet rol ls  off like a bal l .  Figure 1 .24 shows water droplets on a) an 
untreated surface and b)  on a hydrophobic surface.  
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Figure 1 . 24 a )  Water d roplets o n  un t reated surface, b) water d roplets o n  hyd rophobic 
su rface ( Channe l  Master Company, USA & Germany) 
A second study on the hydrophobic coating was carried out by United States Patent 
i n  1 998; they invented a multi layered hydrophobic window glass to improve 
resistance to c l imatic stresses such as humidity, UV radiation and shrinkage due to 
heat change; and also to mechanical stresses such as, friction due to windshield wipers 
and c leaning rags. According to their invention, a window glass consisting of a 
substrate made of  glass is covered by one or more hydrophobic-oleophobic, abrasion-
resistant coatings comprising a mineral sublayer and a hydrophobic-oleophobic layer 
wherein the density of the sublayer is equal to at least 80% of that of its constituent 
material . 
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Braunsberger and Dzi ubek carried out research on the damaging effects of water drop 
corona on insulating materials .  Earl ier investigations focused on si l icon rubber which 
is intrinsical ly hydrophobic. Now the research work was extended to epoxy resin 
systems.  Water drops are put on epoxy substrate and they are exposed to an increasing 
AC field. ( Braullsberger Dziubek, Kurrat, 2003 ) Figure 1 .25  a shows a water drop on 
a hydrophobic cycloal iphatic epoxy C HCEP) and Figure 1 .25  b shows a water drop on 
standard cycloa liphatic epoxy CCEP) for outdoor applications. Figure 1 .26 shows the 
new hydrophobic epoxy insulator ( Braunsberger, Dziubek, Kurrat, 2003 ) .  
Figure 1 .25  Water d rop of  30  ml on surface of  a )  HCEP b)  CEP (Braunsberger, Dziubek, 
Kurrat, 2003) 
Figure 1 .26 Con truction of modern epoxy i nsu lator (Braunsberger, Dziubek, Kurrat, 
2003) 
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1 .5 H eat tran fer through glazing 
Heat is usual ly  transferred from the higher temperature object to the lower 
temperature object ( Holman, 2002 ; Bejan, 1 993) .  The thermal performance of 
windows is of great concerns due to energy loss through glazing, which can amount a 
considerable expense in heating and air-conditioning. Heat transfer through glazing is 
mainly due to radiation conduction and convection ( Holman, 2002) .  
Radiation 
Radiat ion is heat transfer by the emlSSlOn of electromagnetic waves which carry 
energy away from the emitting object (Holman, 2002) .  For ordinary temperatures 
( less than red hot), the radiation is in the infrared region of the electromagnetic 
spectrum. The relationship governing radiation from hot objects is cal led the Stefan­
Bolt:::mann law ( Holman, 2002 ; Bejan, 1 993) .  
P = net radiated power 
A= radIating area 
cr = Stefan's constant 
( 1 . 1 1 )  
e = emissivity (= 1 for ideal radiator) 
T = temperature of radiator 
Tc = temperature of surroundings 
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Radiant heat energy is transmitted through single-, double- and triple-glazing, causing 
heat loss in winter and heat gain in sununer. Radiation occurs when heat, after being 
sent through space, tra els to a distant object where it can be reflected, absorbed or 
transmitted. One way to minimize this effect is to use a reflective fi lm ( i . e . ,  heat 
mirror) or a reflective coating ( i .e . ,  low emissivity or Low E) on the glazing. Low E 
glass and invisible fi lms, both transparently coated to maintain visibi l i ty, wj } }  reflect a 
large percentage of radiant heat energy that would otherwise escape. Similarly, 
outward radiant heat energy from the sun, which causes excessive sununer heat gain, 
is  reflected outward ( Holman, 2002) .  
Figure 1 .27 The  Sun at 5800K and a ho t  campfire at perhaps 800  K give off radiation at a rate 
proportional to the  4th power of the temperature (Nave, 1 999) 
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Cond uction 
Conduction occurs hen energy passes from one object to another ( Holman, 2002). 
Conduction is both a cause of heat loss through sealed insulating glass units and the 
primary cause of heat loss through window sashes and frames. The thermal insulation 
value ( R  alue) o f  sealed insulating glass units can be improved by increasing the 
number of glass panels and air spaces; for example, from double to triple, or by fi l l i ng 
the units with gas . 
For heat transfer between two plane surfaces, such as heat loss through the wal l  of a 
house, the rate of conduction heat transfer is ( Holman, 2002 ; Bejan, 1 993) :  
� 
t 
( 1 . 1 2 )  
T hot 
Q: heat transfer in time t 
K: thermal conductivity 
Q/I A :  area. 
d: thickness of barrier 
T: temperature 
Figu re 1 .2 8  The conduct ion heat mechanism 
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Convection 
Convection results from the upward movement of  warm, l ight ajr currents. When 
gases including air) are heated they expand become less dense, and rise. As the 
gases cool, they increase in density and fal l .  These convection currents carry heat 
energy from warmer to cooler areas ( i . e . ,  from the warm interior to the cold exterior 
of window glazing) ( Holman 2002 ; Bejan, 1 993) .  
I f  volume ncr eases, 
the dens ty decreases 
mak n9 It  buoyanL 
m 
+ p ;;; V + � 
• V ;; cons ant 
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If he em�era \...ire 
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air  Inc reas€s. the 
volume must I n crease 
by t e same factor. 
�air (( nses 
cooler air drops 
and repfaces the 
war mer air � �  ealer 
Ideal gas law for 
constant pressure 
V = n R  = co stant 
1 P 
Figure 1 .29 Heat  transfers by convection mechanism (Nave, 1 999) 
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1.5.1 H eat gain control for windows 
In  the past, before innovations in glass, fi lms, and coatings, a typical residential 
\ indo\ with one or two layers of glazing al lowed roughly 75-85% of the solar energy 
to enter a building (Klems, 1 989) which has a negative impact on summertime 
comfort and cool ing bi l ls ,  especial ly  in hot c l imates. 
The " eak thermal characteristics of windows became a prime target for research and 
development in the attempt to control the indoor temperatures of bui ldings. This led to 
the development of many types of glass that control heat gain and loss, reduce glare, 
minimize fabric fading provide privacy, and occasional ly  provide added security in 
" indy, seismic and other high-hazard zones (Klems, 1 989) .  New construction and 
window replacement applications commonly use glazing with these coatings. Some of 
these types of glass are l i sted below ( Lyons and Reardon, 2005 ) :  
• Tinted or  " toned" glass is the oldest of al l  the modem window technologies 
and most conmlon type of absorbent glass. Under favorable  conditions, it can 
reduce solar heat gain by 25% to 55%. Tinted glass is made by alteration of 
the chemical properties of the glass. Both glass and plastic laminate may be 
tinted. The tints absorb a portion of the sunl ight and solar heat before it can 
pass al l  the way through the window into the bui lding. 
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• Reflective glass has either a vacuum-deposited metal coating or a pyrolytic 
coating. Vacuum-deposited coatings are soft and must be glazed facing 
indoors. Pyrolytic coatings are hard and durable and can be glazed facing 
outdoors. Where glare may annoy neighbours, reflectivity should be kept 
below 1 5  to 20 percent. 
• S pectrally selective glazing i s  commonly used for cool ing c limates or for 
westerly elevations where solar control and natural l ighting are a pliority. 
Spectral ly selective glazing maXImIses l ight transmission whi le 
simul taneously reflecting unwanted solar radiation (UV and near infrared) .  
Spectral ly  selective coatings can also have low emissivity. Spectral ly selective 
tints reduce infrared l ight (heat) transmission while allowing relatively more 
visible l ight to pass through (compared to bronze- or gray-tinted glass) . For 
bui ldings that use dayl ight for l ighting, a spectral ly selective window is a good 
choice. Spectral ly  selective glass also absorbs much of  the ultraviolet (UV) 
portion of the solar radiation. 
• Polymers are used instead of glass in some applications, such as translucent 
glazing and skyl ights. P lastic glazings may also be included in composite 
laminates to improve impact resistance or within double glazing to improve 
insulation. 
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• Single glazing offers litt le resistance to the passage of heat. The smal l amount 
of insulation that single glazing does provide is actual ly due to thin films of 
sti l l  air that exist next to the glass (Klems and Keller, 1 987) .  
• Double-glazing offers much better insulation. It comprises two panes of glass 
with a sealed space between. The space is fi l led with air or an inert gas with 
better insulating prope11ies than glass ( Klems and kel ler, 1 987) .  
The best thermal performance for air-fi l led units occurs when the space between 
the panes is about 1 2  mm ( Klems and kel ler 1 987) . I f  the double glazing is also to 
be used for noise reduction, a wider gap may be appropriate with some trade-off 
in thermal performance. 
/Alftlqht sea l  
OaSICCal l L  to  
absorb moislul C 
I 'No prHles 
at glass 
Figure 1 .30 Double glazed window (Lyons and Reardon, 2005) 
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For best perfonnance, solar control glass should be used for the outer pane and low 
emissivity glass for the inner pane. The solar control glass prevents unwanted solar 
radiation entering, \ hi le the low emissivity glass reduces heat loss from inside. The 
10\ e-glass also blocks heat radiated from the outer pane of glass when it heats up. 
10\: cost altemative to conventional double-glazing is to use a thin, flexible, 
transparent polyethylene membrane in place of the inner pane of glass. The membrane 
is attached to the window frame using a high quality, transparent tape and is shrunk 
taut using a hairdryer. 
This system can provide perfonnance similar to that of plain, c lear double-glazing at a 
much lower cost. It can be applied to almost any glazed fixture that has a frame. 
Low emissivity ( low-e) glass has a coating that al lows short wavelength energy 
(dayl ight) from the sun to pass into the house but reduces the amount of the long 
wavelength energy ( infrared heat) that can escape through the window. That is  why 
this type of glass is often cal led a "Oheat mirror" . Some low-e coatings and solar 
control films reduce solar heat gain without impairing visible l ight transmission 
excessively. These include tinted glass and spectral ly selective coatings, which 
transmit visible l ight whi le reflecting the long-wave infrared portion of sunl ight. 
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Low-e and reflective coatings usual ly consist of a layer of  metal a few molecules 
thick. The thickness and reflectivity of the metal layer ( low-e coating) and the 
location of the glass it is attached to directly affect the amount of solar heat gain in the 
room. Most window manufacturers now use one or more layers of low-e coatings in 
their product l ines. Any low-e coating is roughly equivalent to adding an additional 
pane of glass to a window. Low-e coatings reduce long-wave radiation heat transfer 
by 5 to 1 0  times. The lower the emissivity value (a measure of the amount of heat 
transmission through the glazing), the better the material reduces the heat transfer 
from the inside to the outside. Most low-e coatings also sl ightly reduce the amount of 
visible l ight transmitted through the glazing relative to c lear glass. Here are 
representative emissivity values for different types of glass ( Lyons and Reardon, 
2005) :  
• Clear glass, uncoated: 0 .84 
• Glass with single hard coat low-e: 0 . 1 5  
• Glass with single soft coat low-e: 0 . 1 0  
A pyrolytic coating baked on at a high temperature constitutes a "hard coat" low-e 
coat ing. These are often made of a metal lic oxide. One layer is about 1 1 1  0,000 the 
diameter of a human hair. "Soft coat" low-e coatings are applied to the glass at lower 
temperatures and even thinner thicknesses than hard coatings. Both types of low-e 
coatings (within insulated glazing assemblies) are typical ly warranted for 1 0  to 50 
years. 
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The only spectral ly selecti e coatings now avai lable are modified soft coat low-e 
coatings. The selective properties of the coatings are determined by modifying the 
coating's thickness and number of layers. A spectrally selective tinted glazing with a 
pyrolytic hard coat serves a simi lar purpose ( Lyons and Reardon, 2005) .  
Solar Comfort Control  Company in USA (200 1 ) has designed and developed a low 
cost solution to prevent infrared solar heat and ultraviolet l ight rays from entering al l 
types of glass and glass-like surfaces. The fi lm is appl ied onto the substrate using an 
advanced glass coating spray technique that replaces high cost processes l ike vacuum 
deposition. The new coating provides tremendous savings in both heating and cool ing 
for commerc ial  and residential buildings. The heat gain through the gold coating is 
about 45%-60%. 
Solar Comfort Control Company succeeded in the production of uniform, tightly 
adhered, thin, transparent gold coatings, and, in particular, in the efficient and 
economical production of such fi lms on surfaces. More particularly, this invention 
relates to the production of thin transparent blue to blue-green gold coatings on 
nonmetall ic surfaces using an electro less spraying process for deposition resulting in 
fi lms which transmit a high degree of visible l ight, whi le sti l l  blocking a large amount 
of infrared l ight. The physical properties of transparent gold fi lms  have include the 
transmittance of significant amounts of visible l ight whi le  blocking much of the 
infrared l ight from passing through the substrate. 
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Figure 1 .3 1  SCC coatings save energy in both summer and winter conditions (Solar 
Comfort Company, USA, 200 1 )  
53 
The gold coating on a glass window works as fol lows; during the summer, visible 
l ight is al lowed through the substrate, whi le heat producing infrared and dangerous 
UV l ight ray is "stopped" from entering the window, and the air-conditioned cool air 
is  kept inside, decreasing costs. During the winter, the heat inside the room IS 
reflected back, decreasing heating costs (Solar Comfort Company, USA, 200 1 ) . 
Moreover, glass maybe coated by a polymeric materia l ;  for example, polyvinyl 
butyrate (PVB) or an adhesive PVB is conventional ly used in safety glass laminates. 
It is used to reduce heat gain and loss inside the building. Polymeric fi lms generally 
last about 8 to 1 0  years before they start looking worn. 
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1.5 Objectives of thesis : 
In this thesis, new hydrophobic polymer-coated glass is developed 
using dipping coating techniques. Good wettabi l ity and spreading of epoxy resin on 
glass surfaces promotes good coating on a glass substrate. This thesis has three 
objectives : 
1 .  To investigate the spreading of  epoxy resin on glass by performing critical 
experiments to examine the spreading mechanism of epoxy resin on a glass 
surface.  
2 .  To test the hydrophbicity of new epoxy coated glass created by dipping 
techniques. This could be useful in the c leaning process of  glass. 
3 .  T o  measure the solar radiation absorbed b y  coated glass, based o n  its solar 
radiation ratio, and to compare these results with the results obtained with the 
uncoated glass. 
Chapter 2 :  
Materials and Methods 
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2 . 1 Liquid polymer 
• Epoxy resin : 
The basic material which is used in this study as a coating material appbed on glass is 
a modi fied Diglycidyl of Bisphenol A ( DGEBA) epoxy resin. The resin is suppl ied by 
Dow Chemicals as DER324 and used as received. Epoxy resin is defined as a 
molecule containing more than one epoxide group. The epoxide group is also termed 
oxirane or ethoxyl ine group. Epoxy resin has been used in many applications, since it 
was first synthesized in the mid 20 th Century. It is used in construction, aerospace and 
more recently i n  medical appl ications (Meier, 1 995) .  The most common applications 
of the resin are high solids coating, flooring compounds, grouts, adhesives, decoupage 
coatings and composites (Garter et aI . ,  2003) .  The commercial resin in itself is a 
formulated b lend of DER 333 1 ( DGEBA) and a reactive di luent C 1 2-C 1 2  al iphatic 
glycidyl and it is  used in three different blend ratios (curing agent concentrations) 2 1 : 
200, 1 8 :200 and 1 5 :200. Figure 2 . 1  shows the structure of DGEBA epoxy and C 1 2-
C 1 4  Aliphatic Glycidyl Ether. 
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A) DGEBA Resin 
o 
/ �  
R - - -O- - -CH2-CH-CH2 
R= C l2 to C 1 4 
B)  C l 2 to C 1 4 Aliphatic Glycidyl Ether 
Figure 2 . 1  Structure of DG EBA (A) and Cn to C l �  Al ipbatic G lycidyl Ether (B)  
The ratio of mixing was calculated based on the fol lowing equation: 
Phr of hardener = 
Hardener eq.wt x 1 00 
(2 . 1 )  
Epoxide .wt of resin 
Phr: parts - by weight - per 1 00 parts resin. 
EQ.wt: weight - in  grams - which contains one gram equivalent of material . 
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Table 2 . 1 shows the epo ' ide equivalent weights for the hardener and the epoxide 
which are 2 1  g and 200 (a erage) respectively. The epoxide equivalent weight is 
defined as the weight in grams which contains one gram equivalent of epoxide 
(Encyclopedia of Polymer Sc ience and Engineering 1 985 ) .  
Material Wt. (g) 
Hardener DEH20 2 1  
Epoxy DER 324 200 
Table 2 . 1  Epoxide equivalent weights for hardener and epoxide 
Epoxy resin  belongs to a fami ly  of thermosetting polymers, meaning that once it is 
cured, the coating wi l l  not tend to soften at higher temperatures . It achieves its 
beneficial properties as a result of a heat catalyzed chemical reaction. Then it reacts to 
form complex cross- l inked polymers. 
Epoxy resin was selected in this study because it has excel lent properties (Murphy, 
1 998) :  
• It has considered to be a good coating material ( most paints and coatings are 
thermoset polymers to avoid reshaping when exposed to natural and arti fic ial 
weathering) 
• Cured at room temperature 25°±3° 
• Excel lent resistance 
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• High mechanical properties 
• Low shrinkage percentages 
• on reactive with solid surface 
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• A coating must provide a continuous fi lm that wi l l :  resist penetration by salt 
ions; resist the action of osmosis, adhere to and expand/contract with the 
substrate; resist breakdown from weathering and exposure;  and be flexible and 
durable enough for handl ing. 




Color Pale yel low 
Boi l ing point Decomposes prior to boi l ing 
Freezing point May solidify < - 1 5 °C 
Water solubi l i ty < 1 %wt (25 °C)  
Table 2.2 Physical & chemical properties of Epoxy res in 
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2.2 Solids 
• Soda-lime glass 
Soda I ime glass is a common type of window glass. I t  has been used as a substrate in 
the experiment to test the spreading of epoxy resin droplet on it .  In thi s study soda 
l ime sl ides with an area of (75x25 x 1 mm/\3) were obtained from Menzel-Glaser 
Company Geschitten, Germany. 
The most common type of soda l ime glass is a float glass. In this type of glass the 
glass is cooled in a molten tin, enriching its float side with tin oxide. 
Soda l ime glass contains about 1 3% sodium oxide, which is highly soluble in water 
and reacts to form sodium hydroxide, and thi s gives the glass its hydrophi l ic property. 
The formation of sodium hydroxide causes a reaction with the carbon dioxide in air, 
leading to the formation of white sodium carbonate powder on the glass surface. Glass 
surfaces can catch germs, dusts and chemicals very easi ly, therefore a strict method of 
cleani ng the glass and keeping it in a vacuumed condition is needed (Berg, 1 993) .  
There is a wide range of  c leaning procedures that render the glass wettable and free of 
partic les ( LeI ,  1 997;  Pul ,  1 984). An important point in al l  glass cleaning procedures is  
that the glass surface must be used or coated as soon as possible after cleaning 
(Pul , 1 984). Glass surfaces have a high surface energy. They have a tendency to 
absorb particulate germs and organic contamination from the ambient environment · 
and thi s creates unacceptable defect. An adsorbing of organic contaminant wil l  
generate a heterogeneous wettabi l i ty and this may lead to non uniform coating. 
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Glass clean ing steps : 
• Immerse the glass sl ides in a high concentration of chromic acid solution 
(K2Cr207+H2S04) for 4-6 hours . 
• Wash with disti l led water. 
• Rinse with acetone. 
• Insert the s lides in a vacuum oven for 1 /2 an hour at 90°C.  
• Leave the glass sl ides in a vacuum to cool .  
• Transfer the sl ides into a di ssector, where they are stored. 
• Clean glass could be used in the experiment. 
The glass substrates were scanned using Scanning Electron Microscopy techniques 
(SEM) before being c leaned and after. Figures 2 .3  and 2.4 show the difference 
between the unc leaned and c leaned glass substrate. 
6 1  
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Figure 2.2 SEM of uncleaned glass (before cleaning process) showing grime and impurities. 
Figure 2 .3 SEM i mage of clean glass showing no contamination or  particles on t he surface 
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2.3 Experimental  procedu res 
2.3.1 Preparation of the epoxy res in :  
The epoxy res in and curing agent were stirred homogenously for 1 0  minutes in  a 
vesse l .  The total amount of resin prepared was 30 grams to assure uni formity. 
The vessel was left for 5 minutes to remove the air bubbles to the surface. Then the 
l iquid was charged in the syringe to test the spreading of the l iquid.  
This experiment was repeated for three di fferent curing agent ratios: 2 1 :200, 1 8  :200, 
1 5 :200. 
2.3.2 Dynamic  contact a rea measu rement p rocedu re 
Figure 2 .4 shows the experimental setup. To start the experiment, epoxy was charged 
into a 5 III syringe obtained from Hami lton Company, Switzerland. The syringe was 
attached to a metal stand and mounted vertically by means of a micromanipulator on 
the top of the substrate. The micromanipulator i s  used to carefully adjust the position 
of the needle t ip of the syringe above the c lean slide. The tip of the syringe was 
positioned a few micrometers from the surface of the glass to el iminate the effect of 
impact when the droplet was released. The droplet volume was selected to be 1 . 5 m1 
so the gravi ty effect i s  negligible .  Using Bond number as: 
Bo = (2 .2)  
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Where g is the gra ity acceleration, Ro is the radius of the spherical droplet before 
spreading and p i the liquid density . The bond number is 0 .32 for the liquid used in 
this study. Since Bo « 1 , capi l lary forces were expected to dominate gravity. 
After a s ingle use of the syringe, it is  cleaned by immersion in acetone to dissolve the 
liquid inside it. Then it is transfered to the oven to allow the acetone to dry. Before 
conducting the experiment, the syringe is flushed with epoxy resin once or twice. At 
least nine measurements were taken for epoxy on glass sl ides. 
A CCD digital video camera (NC TK-c 1 380, Japan) with l Ox eyepiece magnification 
was positioned underneath the glass substrate. The camera was connected to a video 
recorder, which was in tum connected to an image analysis system ( Analysis Soft 
Imaging System, GmbH ltd, Germany) . At the top, there was a l ight source, which 
was ring l ight fiber optics ( Model LG-R66.0LYMPICS-JAPAN) .  I t  was used to 
avoid the heat produced by an ordinary bulb l ight. Heat may affect the surface tension 
of the l iquid and produce a b lurred image. The experiment was carried out under 
ambient conditions, i . e, Temperature =25± 1 DC and 47% ±3% RH .  
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r Image processing 
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Figu re 2 .4  The experimental  setup for contact a rea measurement 
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The contact area was measured as a function of time. Figure 2 . S  shows the image 
frame that was taken b the imaging analysis software. The area to be measured was 
indicated in  the overla by a circle .  
Figu re 2.5 The contact a rea in m m2 for cured epoxy over g lass  su bstrate measured by 
softwa re a fter 1 0  seconds. 
Softwa re and  ca l ibrat ion (dynamic  contact a rea) 
I mage processing:  
A calibration was done using calibration sample image analysis software (Analysis 
3 .0 Soft Imaging System GmbH Germany March 1 999) .  
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Cal ib rate input  
1 .  A suitable cal ibrat ion specimen is placed above the digital camera with l Ox 
magnification 
2 .  Acquire the focused and enhanced image from the microscope. 
3 .  Snapshot the image. 
4 .  From the image menu select the Configure input. 
5 .  Select X Y  calibration tab and insert the required magni fication . 
6. From Set unit, define the cal ibration distance unit . 
7 . Select the vertical option for the cal ibration distance to be defined. 
8 .  Insert the cal ibration length according to the selected distance as defined by 
the calibration sample, then save the calibration by c l icking on Save. 
9. Add new calibration to the magni fication table by c licking Add then press Ok. 
2.3.3 Glass coating 
The glass sl ides were dipped in the mixture, which covered al l  the sl ides, resulting in 
a total coated surface of 1 800mm2. Then the glass sl ides were withdrawn from the 
vessel to be inserted in an oven at 80 °C, resulting in a transparent glass. The coated 
glass has a thin fi lm of epoxy resin coated onto the inner and outer surfaces of the 
glass (25 mm x 75 rnm). The coated glass has the abi l ity to reduce the temperature 
inside the bui lding (minimize the heat gain) .  
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2.3.3 Measuring heat gain by solar radiation for un coated and epoxy-coated glass. 
In  this experiment, a Kipp & Zonen Pyranometer eM I l  and a solar integrator were 
used to measure the solar radiation absorbed by the glass surface.  The Kip & Zonen 
pyranometer CM 11 is designed to measure the irradiance (radiant flux, Watt/m2) on a 
p lane surface, which resu lts from direct solar radiation and from the diffuse radiation 
incident from the hemisphere abo e. 
Because the CM 11 exhibits no t i lt dependence, i t  can measure solar radiation 
on incl ined surfaces as wel l .  Reflected solar radiation can be measured in the inverted 
position. As shown in figure 2 .6  the pyranometer is composed of a hemisphere. The 
most common appl ication for this device is testing materials and high accuracy solar 
monitoring. 
Figure 2.6 Kip & Zonen pyranometer eM 1 1 . 
Material & Procedure 
Applications of pyranometer CM 1 1 :  
• High accuracy solar monitoring 
• Road weather station 
• Material testing 
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The Kipp & Zonen Solar Integrator shown in Figure 2 . 7  was used in conj unction with 
pyranometer CM 1 1  to measure the solar i rradiance i n  W/m2 . Figure 2 .8  shows the 
experimental setup of heat measurement . 
Figure 2.7 solar  integrator 
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olar radlallon 
Glass S l ide 
Solar integrator 
- � 
PjTaIlOmeter Output in watt /m� 
2.8 Experimental  setup of heat measurements 
The first measurement taken was of solar radiation Esun in  W 1m
2, and then the glass 
sl ides were posit ioned one by one above the hemisphere of the pyranometer. The 
readings were taken for un-coated glass as (E un-coated), fol lowed by coated glass with 
different curing agent concentrations of 2 1 :200, 1 8 :200 and 1 5 :200 (E21 •  E I 8. E 1 s) .The 
first solar radiation ratio was calculated as energy absorbed by the coated glass 
surface over the energy absorbed by uncoated glass. 
Chapter 3 :  
Results and Discussion 
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3. 1 p reading kinetic of c u red epoxy related to contact ratio: 
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The spreading of epoxy resin on a glass surface was examined with respect to the 
measurement of the contact area. The contact area was then converted to the contact 
ratio (A.  Figure 3 . 1  shows a schematic of a l iquid drop on a solid surface where Rc is 
the radius of the drop-sol id substrate contact area, p is the radius of the curvature and 
h is the height of the drop with respect to the surface.  
The contact ratio A * i s  defined as the ratio between the contact area of the spreading 
l iquid drop on a solid to the surface area of the l iquid sphere before spreading 
(Alteraifi and Herbawi 2005) .  
Contact ratio (A * )  = ( 3 . 1 )  
Where Ac i s  the contact area of the l iquid drop on the solid surface . 
(3 .2 )  
Air 
Substrate 
Figu re 3. 1 Schemat ic of d rop on solid substrate  
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As represent the surface area of th drop before spreading. 
Where Ro i the radius of the drop's sphere before spreading. 
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( 3 . 3 )  
The relationship between contact angle and contact ratio can be derived from the 
definition of the contact ratio based on the spherical cap approximation relation as 
given in (Eqn.3 .4), as fol lows : 
8 = 
4 V  
(3 .4) 
n Rc3 
Where V i s  the drop volume given as: 
( 3 . 5 )  
One should mention that the spherical cap approximation (Eqn.3 .4) can only be 
appl ied to low contact angle values, where 8 < 90° . Substituting Equations 3 .2 and 3 . 5  
in equation 3 .4 and applying the definition of  contact ratio Eqn.3 . 1 ,  A * reduces to be 
a function of 8 only; 
or 
-2/3 
A'� f eJ 
2 (A * ) -3/2 8 = -3
-
(3 .6) 
( 3 . 7 )  
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3.1.1 Spread ing kinetics of epoxy with cu ring agent concentration of 21:200 on 
glass su rface 
Figure 3 .2 shows the spreading kinetic of cured epoxy with a cunng agent 
concentration of 2 1  :200 on glass surfaces. The figure presents the contact ratio (A * )  
versus time (min) .  The expelimental results were considered for 3 5  minutes. After 
that the epoxy was cured (cross l inked) at which t ime the contact ratio reached a 
constant value of 1 .93 .  Init ial ly, the contact ratio increases with time. The spreading 
of epoxy 2 1 :200 on the glass surface shows three different regions. The first was the 
spontaneous region that presented as region (A), where a high rate of spreading 
occurred. The second region was the slow spreading region (B ), which may have been 
due to competing forces of the cross l ink ing of the epoxy resin and the spreading 
forces. The transition from region A to B was indicated at the inflection point .  The 
third region (C)  is where the epoxy resin cross- l inked and the spreading ceased. 
The contact angle e i n  degrees based on Eqn 3 .6 is  plotted against t ime in  seconds for 
epoxy with a curing agent concentration of 2 1 :200 in  Figure 3 . 3 .  The duration of the 
experiment was 3 5  m inutes. The figure shows that the contact angle decreases with 
time. The init ial contact angle was 45 . 70°. After 35  minutes, the contact angle reached 
a constant value of 1 4 .3°. 
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Figure 3.2 Kinetics of spread ing of cured epoxy 2 1  : 200 on glass su rface; region A is the 
spontanous region, B is the s low spreading region and C is the epoxy cross l in  king region 
The rate of change of contact ratio (dA */dt) is plotted against time, as shown in Figure 
3 .4 .  The rate of change of A * decreased rapidly in the first 1 00 seconds of spreading. 
The trend of the data suggests that the transport of epoxy resin ought to enter the slow 
spreading region with the start of polymer cross l inking . This point, where the l iquid 
moves from the spontaneous region A to the slow spreading region B is indicated as 
the inflection point. For epoxy resin 2 1  :200 this point is found after approximately 90 
seconds( approximately 1 . 5 minutes). 
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Figure 3.3 Kinetics of spreading of cured epoxy 2 1 : 200 on glass surface 
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Figure 3.4 Rate of spreading of cured epoxy 2 1 :200 on glass surface 
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3.1.2 Spreading of epoxy with cu ring agent concentration of 18: 200 on glass 
su rface 
77 
A similar analysis was carried out to examine the spreading kinetics of epoxy with a 
curing agent concentration of 1 8 :200 on glass surfaces (soda l ime surfaces) .  The 
spreading kinetics is presented as spreading time against contact ratio, as shown in 
Figure 3 . 5 .  The duration of the experiment was 50 minutes. After that, the epoxy was 
cured (cross l inked). It was fow1d that the contact ratio increases with time. After a 
period of 50  minutes, the contact ratio becomes independent of time and reaches a 
constant alue of 2 .08 .  Simi lar to the spreading of epoxy 2 1  :200 on a glass surface, 
the spreadi ng of epoxy 1 8  :200 on the glass surface showed three different regions. 
The first was the spontaneous region, presented as region (A),  where a high rate of 
spreading occurred. The second region was the slow spreading region (B), which may 
have been due to competing forces of the cross l inking of the epoxy resin and the 
spreading forces. The point where the l iquid moves from the spontaneous region A to 
the slow spreadi ng region B is indicated as the inflection point. The third region (C) 
i s  where the epoxy resin cross- l inked and spreading ceased. Figure 3 .6  shows the 
contact angle 8 in degrees versus time in seconds for cured epoxy with a curing agent 
concentration of 1 8  : 200. The figure shows that the contact angle decreases with time. 
It was found that the initial contact angle was 46° . After 50 minutes, the contact angle 
reached a constant value of 1 2 .8° . 
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Figure 3 . 7  hows the rate of change of  contact ratio (dA * Idt) versus time. The rate of 
change of A * decreased rapidly in the first 1 00 seconds of spreading. From Figure 
3 .7, the inflection point defined in section 3 . 1 . 2 ,  is found after approximately 1 20 
seconds (approximately 2 minutes) .  
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Figure 3.5 Kinet ics of spreading of cured epoxy 1 8 :200 on glass surface; region A is the 
spontanous region, B is the s low spreading region and C is the epoxy crossl in  king reg ion 
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Figure 3.6 Kinetics of spread ing of cured epoxy 1 8 : 200 on glass s u rface 
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3.1.3 Spread ing kinetics of epoxy with c u ring agent concentration of 15:200 on 
glass su rface 
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A simi lar analysis was carried out for the spreading of cured epoxy with a curing 
agent concentration of 1 5 :200 on glass surfaces (soda l ime surfaces) and the results 
are presented in  Figures 3 .8 ,  3 .9  and 3 . 1 0 . The contact ratio  is  plotted against time in 
m inutes i n  Figure 3 . 8 .  The experimental results were considered for 90 minutes, after 
which the epoxy was cured (cross l inked). It was found that the contact ratio  reaches a 
constant value of 2 .3 .  
The contact angle e in  degrees based on  Eqn 3 .6 is  plotted against t ime in  seconds for 
cured epoxy with a curing agent concentration of 1 5 :200 i n  Figure 3 .9 .  The duration 
of the experiment was 90 m inutes. The figure shows that the contact angle decreases 
with time. The init ial contact angle was 46.2° . After 90 minutes, the contact angle 
reached a constant value of 1 0 .9 °. 
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The rate o f  change o f  contact ratio ( ciA  * Idt) is  plotted against time as shown in Figme 
3 . 1 0 . The rate of change of * decreased rapidly in the first 1 00 seconds of spreading. 
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Figure 3.8 Kinetics of spreading of cured epoxy 1 5 : 200 on glass su rface; region A is the 
spontanous region, B is  the s low spreading region and C is  t be  epoxy crosslin king region 
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Figure 3.9 kinet ics of spread ing of cured epoxy 1 5 :200 on  glass surface 
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Figure 3 . 1 1  summarizes the spreading kinetics of epoxy resin with different curing 
agent concentrations (uncured epoxy, 1 5 :200, 1 8 :200, 2 1 :200) on a glass surface. The 
spreading kinetics is presented as the contact ratio (A * )  value of epoxy resin plotted 
against time. The experimental measurements were interrupted after 35 minutes for 
epoxy (2 1 : 200), after 50  minutes for epoxy ( 1 8  :200), after 90 minutes for epoxy 
( 1 5 :200) and after 1 30 minutes for uncured epoxy. The experimental conditions were 
similar, i .e .  the same solid surface type used (glass) and the same l iquid surface 
tension CYt" =47 dyne/cm for epoxy resin )  applied in the same conditions for the 
vapor-l iquid system, while varying the curing agent concentration. Thus, Figure 3 . 1 1  
demonstrates that the spreading kinetics is independent of the epoxy curing agent 
concentration. The contact ratio (A * )  increases exponential ly as the contact angle 
decreases with time. A similar analysis was reported by Lau and B ums ( 1 973) .  They 
investigated the spreading kinetics of polymer melts on p lane solid surfaces, namely; 
polystyrenes of narrow molecular weight distribution on glass. The spreading process 
was observed over temperatures ranging from 1 1 0-260°C and for nominal average 
molecular weights of polystyrene varying from 2000 to 37,000 ( Lau and Bums, 
1 973) .  The l iquid-solid contact area increased as the contact angle decreased with 
t ime, both in an exponential fashion. 
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Figu re 3. 1 1 Kinetics of spreading of cured epoxy for three d i fferent cu ring concentrat ion 
on glass surface 
The previous results are summarized in Table 3 . 1 .  The table presents the measured 
contact area, contact ratio and contact angle for different concentrations of the curing 
agent. 
The inflection points vs. epoxy curing agent concentration is presented in  Figure 3 . 1 2 .  
The figure shows that the inflection point increases as the curing agent decreases, i .e .  
i t  takes a longer time for epoxy to cross l ink with lower concentrations of the curing 
agent . 
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Figure 3. 1 2  The effect of curing agent concen t rat ion on the i n flection point  
Epoxy resin curing Contact Contact Contact Angle 
Agent concentration Area (mm2) ratio (A *) (9) 
Eqn. (3 . 1 )  Eqn. (3 .7)  
1 5 :200 1 4 .55  2.3 1 1 0 .88° 
1 8 :200 1 3 .09 2 .08 1 2 .76 ° 
2 1  :200 1 2 . 1 4 1 .93 1 4 .28 ° 
Table 3. 1 The spreading parameters of  cu red epoxy on glass surfaces. 
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The relat ionship between sol idification time ( the time needed for the epoxy to 
completely cro s- l ink) and the curing agent concentration in the resin is presented in 
Figure 3 . 1 3 .  Epoxy with a curing agent concentration of 2 1 :200 sol idifies after 35 ± 3 
m inutes from the t ime of releasing the droplet from the syringe. A longer time is 
needed for epoxy with a curing agent concentration of 1 8  : 200, which sol id i fies after 
50 ± 5 minutes from the release of the droplet from the syringe. 1 5 :200 epoxy 
sol idifies after 90 ± 1 0  minutes. Figure 3 . 1 3  shows that as the curing agent 
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Figure 3. 1 3  Solidification t ime  of cured epoxy. 
After exammmg the wettabi l i ty and spreading kinetics of epoxy resm on glass 
surface, it can be concluded that epoxy resin as a polymeric material exhibits a good 
spreading behavior reporting a low contact angle which is consistent with the results 
observed by Petrie (2000) for epoxy spreading on different surfaces. 
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3.2 E poxy coating on glass at different  temperatu res 
As general prerequisites for obtaining wet coatings with high optical qualities on glass 
under c lean room conditions, the coating liquid has to be fi ltered and the glass has to 
be c leaned properly .  
In  this study the glass sl ides were completely dipped in the mixture, resulting in a 
total coated surface area of 1 800 mm2 . Then the glass sl ides were withdrawn from the 
vessel and inserted in an oven at a temperature of 80°C to obtain a transparent coating 
on the glass ( amorphous polymer instead of opaque crystal l ine polymer). 
Figure 3 . 1 4  shows images taken by a digital camera magnified 1 0  times of epoxy with 
different curing agent concentration on glass at a room temperature of 2SoC and at 
80°C.  The temperature affects the curing process (cross l inking) of epoxy resin, 
leaving a specific pattern on the surface. At room temperature, the cured epoxy left a 
translucent nearly to opaque coating as shown in  Figures 3 . 1 4  D, E and F .  At 80 °C, 
the obtained coating was transparent with a smooth surface that al lows the 
transmission of visible rays and enhances natural dayl ighting, as presented in Figures 
3 . 1 4  A, B and C. Thus at temperature of 80°C,  the epoxy coated glass surface is better 
than that at room temperature. 
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A) E poxy 2 1 : 200 coat ing on glass 
urface at tem perat u re = 80 DC 
B) Epoxy 1 8 : 200 coat ing on glass su rface 
a t  tempe ra t u re = 80 DC 
C) Epoxy 1 5 : 200 coat ing  on glass su rface 
at tem peratu re = 80 DC 
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D) E poxy 2 1 : 200 coat ing on glass 
su rface a t  room tem pera t u re = 25 DC. 
E) E poxy 1 8 : 200 coat ing on glass 
su rface at room tem pera t u re = 25 DC 
F) Epoxy 1 5 : 200 coat ing on glass su rface 
at room tem pe ra t u re = 25DC 
Figure 3. 1 4  I mages of epoxy coated glass magnified ( 1 0  x) at d i fferent tem peratu res. 
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3.3 The hyd rophobic ity of epoxy resin 
The presence of liquid fi lm or dust alters the visibil ity of window glass and reduces its 
transparency. To overcome such difficulties, the coated glass surface should exhibit a 
hydrophobic property so that it becomes non-wettable. 
A hydrophobic surface i s  defined as a surface that has the abi l i ty to repel water. This 
experiment was conducted to examine if the epoxy resin  can be considered as a 
hydrophobic or hydrophi l ic surface. The spreading of water drops on coated and 
uncoated glass surfaces was examined to test the abi l ity of these surfaces to repel 
water. 
In Figure 3 . 1 5 , we show the spreading of a water drop let on epoxy coated glass. In 
this experiment, the syringe was positioned at a distance from the glass sl ide, as 
shown in Figures 3 . 1 5a, b. Then the syringe was brought into contact with the glass 
surfaces (Fig 3 . 1 5c) .  Figure 3 . 1 5d shows the water droplet 5 sec after the syringe 
touches the glass surface. Final ly, Figure 3 . 1 6e shows the water droplet 20 sec after 
releasing the droplet from the sYIinge. 
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a) b) c)  
d) e) 
Figure 3. 1 5  The spreading of  water d roplets o n  epoxy-coated glass. 
Figure 3 . 1 6  a) shows a water droplet spreading over an uncoated glass surfaces. A 
water droplet resting on the epoxy-coated glass surface and forming a high contact 
angle is shown in Figure 3 . 1 6  b) .  
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Figure 3 . 1 7  shows the maximum contact area of a water droplet on a) uncoated glass 
surface, b) 2 1  : 200 epoxy- coated glass surface, c) 1 8  :200 epoxy-coated glass surface 
and d) 1 5 :200 epoxy-coated glass surface.  The experimental measurements were 
interrupted after 50 seconds. 
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a) b) 
Fig u re 3. 1 6  I mages of  water d roplet;  a )  water d roplet O D  glass su rface ( left), and b) 
water d roplet on epoxy coated glass ( right) 
a) b) c) 
Figu re 3. 1 7  I mages of water d roplet; max i m u m  contact a rea for water d roplet on a)  
u ncoated glass su rface, b) 2 1 : 200 epoxy-coated glass su rface, c)  1 8 : 200 epoxy-coated 
glass su rface and d) 1 5: 200 epoxy coated glass su rface 
9 1  
d) 
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Figure 3. 1 8  Spreading kinetics of water d roplet on coated and  u ncoated glass surface 
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The spreading behavior of water droplets on epoxy-coated glass, with d ifferent curing 
agent concentrations, and un-coated glass is presented in Figure 3 . 1 8 . The figure 
shows the spreading kinetics as contact ratio (A * )  against t ime of a water drop on 
uncoated glass surface, epoxy 2 1  :200 coated glass, epoxy 1 8  :200 coated glass and 
epoxy 1 5 :  200 coated glass. 
Figure 3 . 1 8  shows the spreading kinetics of a water drop on an uncoated glass surface 
( soda l ime surface) .  The experiment was interrupted after 30  seconds. The contact 
ratio i ncreases with time, reaching a constant value of 1 . 27 (contact area = 7 .97 mm2). 
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This corresponds to a contact angle of a value of 26.84°. Simi lar results were reported 
by Alterai fi and Sasa (2003 ) who investigated the spreading of water on a soda lime 
surface. 
Water exhibits a low contact angle on glass due to the very high value of surface 
tension of water as a result of its high degree of hydrogen bonding. In addition, a glass 
surface is considered to be a hydrophil ic surface which has a greater abi l ity to absorb 
" ater than other surfaces. The spreading kinetics for a water drop on an epoxy-coated 
glass surface with a curing agent concentration of 2 1 :200, 1 8 :200 and 1 5 :200 are 
presented in  Figure 3 . 1 8 . Al l  experiments were interrupted after 30 seconds. The 
epoxy repels the water and fOTITIS a high contact angle and small contact ratio A * .  
Contact ratios were found to b e  0 . 57, 0 .52  and 0.48, which correspond to contact 
angle values of 88 .8°, 1 02 .2 °, and 1 39.46 0, respectively. 
The contact ratio of water spreading on an uncoated glass surface was found to be at 
least twice as high as the contact ratio of water spreading on epoxy coated glass. The 
decrease in the contact ratio is about 50% less for the epoxy-coated surface. 
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Figure 3. 1 9  Contact ra t io for coated and u ncoated glass su rfaces 
However, our experimental setup l imi tations can not detect the differences in the 
spreading area of the water droplet on glass surface for the three epoxy curing agent 
concentrations (Fig 3 . 1 9) .  The experimental results show that epoxy resin is a 
hydrophobic polymer coati ng. This  helps in  the self cleaning process and al lows good 
visibi l i ty through the glass surface, which agrees with the results observed by 
Braunsberger (2003) for epoxy coating as a hydrophobic coating. 
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3.4 The mea u rement of heat gain by solar radiation for coated and uncoated 
glass : 
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Windows and other glazed external surfaces have a major impact on the 
energy efficiency of the building envelope. If not designed correctly they al low 
unwanted heat transfer between the indoors and the outdoors. If designed correctly, 
they wi l l  help in maintain ing high comfort levels inside the buildings (Holman, 2002 ). 
Heat is usual ly transferred from the higher temperature object to the lower 
temperature object. There are three modes of heat transfer: radiation, conduction and 
convection ( Holman, 2002 ; Bejan, 1 993) .  The major and the most effective heat gain 
through glazing results from solar radiation. In this study, the direct and diffused 
( indirect) solar radiation absorbed by the coated and un-coated glass, were measured. 
The output readings for the coated glass and uncoated glass present an indicator for 
thermal changes that occur in the case of epoxy coating glass . 
In this experiment, a Kipp & Zonen Pyranometer CM l l  was used in 
conj unction with solar integrator to measure the solar radiation absorbed (radiant flux 
in  Wattlm2) by the glass surface. The first measurement taken by pyranometer CM l l  
gives the direct and indirect solar radiation in W/m2 . This value is defined as ( Esun) .  
The solar radiation absorbed by uncoated glass is presented as (E u ncoated) . Then, the 
coated glass sl ides were positioned one by one above the hemisphere of the 
pyranometer. The amount of solar radiation absorbed by coated glass with different 
curing agent concentrations (2 1 :200, 1 8 :200 and 1 5 :200) are defined as ( E2 1 ,  E 1 8. 
E I 5 ), respectively. 
Re u l t  & Di cu ion 96 
The solar radiation ratio ( RR) is defined as the solar radiation absorbed by 
the coated glass over the solar radiation absorbed by uncoated glass. This ratio 
provides a value to compare different types of glass and to recognize the changes due 
to the applied coating. This ratio is gi en by: 
Solar radiation absorbed by coated 
( 3 . 8 )  
olar radiation ratio (SRR) = 
Solar radiation absorbed by uncoated glass 
The solar radiation ratio (SRR) is a dimensionless quantity and normalized in order to 
allow comparison between the obtained results. 
The solar radiation absorbed by coated and uncoated glass in  watts per square meter 
versus solar radiation absorbed by the sun ( Esun) is presented in  Figure 3 .23 . 
The solar radiation was measured by pyranometer eM 1 1  in different environmental 
conditions (c loudy and sunny days) and at different t imes of the day for several days. 
The averages for these values were measured under the fol lowing conditions: 
-E  un= 78 1 w/m2 at 1 1  :00 am 
- E  un= 1 0 1 0  w/m
2 at 1 :00 pm 
-Esun=94 w/m2 at 3 :00 pm 
- Esun=77 w/m2 at 5 :00 pm. 
Re u I t  & Di cu ion 97 
For each of the above mentioned values. the solar radiation absorbed by the coated 
and uncoated glass wa measured, ind icating four different values for solar radiation 
( R) .  
The maximum olar radiation (SR) had an average value of 1 0 1 0  w/m2 which was 
measured from 1 2 :00 to 2 :00 pm. The lowest solar radiation (SR) had an average 
value of 77 w/m2, which was measured from 4 :00-5 :00 pm. Figure 3 .23 shows that 
the solar radiation absorbed by uncoated glass surface has absorbed a higher amount 
of solar radiation than the epoxy-coated glass surface. The solar radiation absorbed by 
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Figure 3 .24 presents the solar radiation ratio vs. d ifferent types of coated and 
uncoated glass. The solar radiation ratio S RR for uncoated glass is normalized, which 
indicates that 1 00 % of solar radiation is absorbed by the uncoated glass. 
The solar radiation absorbed by epoxy 2 1 :200 coated glass is about 77%, which 
indicates a heat gain reduction of 23% as compared with uncoated glass. The solar 
radiation absorbed by epoxy 1 8 : 200 coated glass is about 66% which reduces heat 
gain by 34%. The solar radiation absorbed by epoxy1 5 :200 coated glass is about 40% 
which reduces heat gain by 60%. It can be concluded that the glass with the epoxy 
coating can reduce heat gain resulting from solar radiation through glazing. The 
experimental results show that the solar radiation absorbed by the epoxy-coated glass 
surface is reduced in the range of 23%-60%. 
Chapter 4 
C onclusion and summa ry 
Summar_ & onc lu  ion 1 00 
The spreading of epoxy resin, with di fferent curing agent concentrations of 
2 1  : 200 1 8 :200, 1 5 :200 on a glass surface, was examined. The contact ratio A * was 
used as a measurement of wettabil ity supported with the result of the contact angle .  
Epoxy resin exhibits a good ettabi l i ty over a glass substrate, report ing low contact 
angles. Epoxy coating was applied to glass using dip-coating techniques at room 
temperature, then at a temperature of 80°C, to obtain a transparent uni form coating. 
Water droplet spreading was examined over the epoxy coated glass revealing a 
hydrophobic surface with a high contact angle, which is a property that helps in the 
self-cleaning process of glass and al lows the rain to sl ip over the glass substrate. 
The solar radiation absorbed by epoxy-coated glass and uncoated glass was 
measured using pyranometer CM I L  The results obtained were fruitful .  The epoxy­
coated glass was able  to reduce heat gain due to solar radiation by 23%-60% 
compared with the uncoated (clear) glass. The heat gain, through single uncoated 
glass is 1 00% and heat gain due to solar radiation through epoxy-coated glass ranges 
from 40% - 77%. The three types of epoxy-coated glass exhibit a good wettabi l ity, 
hydrophobicity and the abi l ity to reduce the heat gain due to solar radiation inside the 
bui lding. However; the epoxy with a curing agent concentration of 1 5 :200 exhibits the 
best results with the lowest contact angle, which equals 1 0. 88°, and a contact ratio 
with a value of 2 .3 1 .  It has a transparent appearance, the highest degree of 
hydrophobicity with a water contact angle of 1 39 .5  ° on a glass surface, and 60% heat 
reduction when compared with the uncoated glass. 
Chapter 5 
Future Work 
Fut u re work 1 02 
Glass is a very important material in the facades of buildings. It has a major 
impact on the energy efficiency of the bui lding envelope. Therefore, the performance, 
saftey and durabil ity of windows shou ld be taken into consideration . The study of 
heat gain due to solar radiation through epoxy coated glass carried out in this 
research, is  far from complete and could form the basis for further research. 
Future work may cover some of the fol lowing issues: 
1 .  Measure the dayl ighting intensity that passes through epoxy coated glass using 
photometeric instruments in order to provide visual comfort by preventing 
glare and high contrast. 
2 .  Study al l  the parametere that could affect thermal comfort such as  temperature 
and humidity in the presence of the epoxy coated glass scaled model .  
3 .  Improve the thermal efficiency of epoxy coated glass by applying other layers 
of the same or other materials; and then retest heat gain through this type of 
glass. 
4 .  Study the mechanical properties of epoxy coated glass by applying 
compresslOn, tension and shear forces, and study the durabi l ity of this 
material . 
In  the field of spreading and wettabil ity of epoxy resin on glass surfaces; future work 
may cover the fol lowing: further investigation of the spreading of cured epoxy resin 
on glass and glass-like surfaces at low and high temperatures with di fferent curing 
agent concentrations or with uncured epoxy resin (without any curing agent) .  
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